To avoid self-fertilization, different kinds of self-incompatibility (SI) mechanisms have evolved in many plant families (RICHARDS 1997) . In most cases, SI is controlled by a single locus, the S locus, which, even though it often contains several genes, is inherited as a single Mendelian locus (SILVA and GORING 2001) ; for this reason S alleles are often referred to as S haplotypes (BOYES and NASRALLAH 1993) . In the Brassicaceae, which has the sporophytic type of SI, where the pollen SI phenotype is determined by the S-locus genotype of the diploid parent, two S-locus genes, SRK and SCR, encode the maternal (pistil) and paternal (pollen) specificities, respectively (STEIN et al. 1991; SCHOPFER et al. 1999; SUZUKI et al. 1999) . The SRK receptor consists of three domains with different functions: an extracellular S domain (encoded by exon 1 in SRK), which is the center for recognition of SCR, a transmembrane domain (exon 2) that passes through the plasma membrane, and an intracellular kinase domain (exons 4-7), which initiates the signaling cascade in the stigma cells (see TAKAYAMA and ISOGAI 2005) . The SCR gene product is a small soluble protein molecule present at the pollen surface where it interacts with the S domain of its cognate SRK protein (TAKAYAMA et al. 2001) . Because of the strong frequency-dependent selection acting on the SI system, the S locus typically maintains a large number of haplotypes (LAWRENCE 2000) and levels of diversity at both synonymous and non-synonymous sites are high in the S domain of SRK and in SCR (e.g. AWADALLA and CHARLESWORTH 1999; CHARLESWORTH et al. 2003; TAKUNO et al. 2007) . Furthermore, in both Brassica and Arabidopsis, synonymous diversity is elevated in a region encompassing several tens of kilobases beyond the actual targets of selection, due to the low level of recombination at the S locus (KAMAU and CHARLESWORTH 2005; CASTRIC and VEKEMANS 2007; TAKUNO et al. 2007 ).
There is now firm evidence that the structural elements of SI are homologous among cultivated Brassicaceae species (including B. oleracea, B. rapa, B. nigra and Raphanus sativus) and the wild A. lyrata, indicating that SI has a single origin within the Brassicaceae family (KUSABA et al. 2001; SCHIERUP et al. 2001) . Nevertheless, there are characteristic differences in the SI systems between the Brassica and Arabidopsis genera. For example, the Brassica S haplotypes can be divided into two distinct dominance classes with class I haplotypes being dominant over class II haplotypes in pollen but co-dominant in the stigma . By contrast, dominance relationships between S haplotypes are more complex in Arabidopsis, where four distinct dominance classes have been identified to date (PRIGODA et al. 2005) . Furthermore, while data from natural populations support the notion that recombination is effectively abolished at the S locus in Arabidopsis (CHARLESWORTH et al. 2003; KAMAU and CHARLESWORTH 2005; HAGENBLAD et al. 2006) , there are indications that some form of recombination or gene conversion has occurred within Brassica (AWADALLA and CHARLESWORTH 1999; TAKUNO et al. 2007 ).
Two alternative hypotheses on the evolution of the S locus within the Brassicaceae family have been presented (FOBIS-LOISY et al. 2004 ): The first proposes that after the Arabidopsis/Brassica split, diversification of S haplotypes took place independently in the two descendant lineages. The second hypothesis suggests that extant S haplotypes trace their origin back to a common Arabidopsis/Brassica ancestor, and that the Brassica lineage lost most of its ancient alleles after its divergence from Arabidopsis. While the time of diversification between class I and II haplotypes within the Brassica genus has been estimated to at least 40 million years ago (MYA; UYENOYAMA 1995), clearly preceding the split between the Arabidopsis and Brassica lineages which occurred approximately 20 MYA (YANG et al. 1999a; KOCH et al. 2001) , the historical relationship between extant Arabidopis and Brassica S haplotypes has not been fully resolved (SCHIERUP et al. 2001) . Moreover, bottlenecks, which may occur during domestication, can have a significant effect on the number and phylogenetic distribution of S-locus lineages (e.g. IGIC et al. 2004) . As there have been no S-locus DNA sequence data available from any wild Brassica species, it has not been clear to what extent domestication of cultivated Brassica species has biased the results of previous studies of this genus.
In the present study, we have performed phylogenetic analyses of DNA sequence data from the SRK and SCR genes of the wild species B. cretica in combination with publicly available sequence information from cultivated Brassica species and from the wild A. lyrata.
We have specifically addressed three questions: i) has domestication affected the pattern of Slocus gene genealogies in cultivated Brassica species, ii) have S-locus haplotypes evolved independently in the Arabidopsis and Brassica lineages, or is there shared ancestry across genera, and iii) is there any phylogenetic evidence of historical recombination at the S locus in the wild B. cretica?
MATERIALS AND METHODS

Study species:
Brassica cretica is a diploid (2n = 18), perennial chasmophyte that belongs to an alliance of Brassica species, including wild B. oleracea, the members of which all carry the Brassica C-genome (HARBERD 1972; KIANIAN AND QUIROS 1992; VON BOTHMER et al. 1995) . B. cretica is found in the Aegean region, mainly on the island of Crete, where it grows in isolated populations in ravines and gorges (SNOGERUP et al. 1990) . As a result of severely restricted gene flow, Cretan populations of B. cretica show an exceptionally high level of neutral genetic differentiation both at molecular marker loci and for quantitative traits (WIDÉN et al. 2002; EDH et al. 2007) .
DNA sequencing: A total of 40 individuals originating from four Cretan B. cretica populations from Crete were included in the study (EDH et al., this issue) . Approximately 100 mg leaf tissue was used for whole genome DNA extraction with DNeasy plant mini kit 6 (Qiagen) according to the manufacturer's instructions. Exons 4-7 of the kinase domain of SRK and parts of exons 1 and 2 of SCR were amplified and sequenced as described in EDH et al.
(this issue). As S-domain related regions are also found in S-locus genes other than SRK (e.g. STEIN et al. 1991) , we chose to work with the SRK kinase domain instead of the S domain to avoid inadvertent PCR amplification of non-homologous regions. Haplotypes were identified based on total sequence identity, including both introns and exons, in BioEdit Table 1 at http://www.genetics.org/supplemental/). One 9 bp deletion, which was found in exon 7 in all class II haplotypes and in one class I haplotype (BcrSRK111) from B. cretica, was excluded from the analysis. Two phylogenetic analyses were performed on slightly different versions of the SRK data set. First, a neighbor-joining (NJ) tree based on the TrN substitution model with pairwise deletion of gaps was constructed from a total sequence length of 618 bp using MEGA 3.1 software (KUMAR et al. 2004) . No sequences appropriate for rooting the tree were found and the tree was left unrooted. Statistical support for individual nodes was estimated from 1000 bootstrap resamples. Second, a maximum-likelihood (ML) tree based on the GTR+I+G substitution model, with gamma correction factor G = 1.4874 and the proportion of invariable sites I = 0.2675, was constructed from a subset of 310 bp of SRK sequence (equal length of all sequences) in PAUP* v.4.0b10 (SWOFFORD 2002) . The ML analysis was carried out with a heuristic search approach using the TBR swapping algorithm and the steepest descent option. 1000 bootstrap resamples were used to determine statistical support.
SLG;
Separate SRK and SCR ML trees were constructed for B. cretica, B. oleracea, and B. rapa class II haplotypes (Supplemental Table 1 at http://www.genetics.org/supplemental/).
Here, 485 bp of exons 4-7 from SRK and 174 bp of exon sequence from the SCR gene were aligned separately for the respective genes. The substitution models TVM + G (G = 0.6349) and TVM with equal rates for all sites were used for the SRK class II and SCR class II data sets, respectively. The ML tree was found as described above. For both trees, a class I B.
oleracea haplotype (Bol7; Supplemental Table 1 at http://www.genetics.org/supplemental/) was used as outgroup. Statistical support for individual nodes was estimated from 1000 bootstrap resamples.
The hypothesis of absence of historical recombination at the S locus was tested by investigating the topological congruency between the SRK class II and SCR class II phylogenetic trees. The difference in log-likelihood (Δl) between the ML SRK tree and an SRK tree having the same topology as the ML SCR tree, and vice versa, was calculated. For each gene, alternative trees having significantly different likelihoods were regarded as topologically different. The statistical significance of the difference in log-likelihood was assessed based on the standard error (SE) in log-likelihood for each tree, as described by KISHINO and HASEGAWA (1989) .
RESULTS
The ML tree of the SRK kinase domain displayed two distinct clusters corresponding to class I and II haplotypes from Brassica and Raphanus species (Figure 1) . A subset of the B. cretica, B. oleracea, and B. rapa class I haplotypes formed a separate, well supported clade here referred to as class Ib, while the remaining class I haplotypes are referred to as class Ia.
All three major groups of haplotypes (class Ia, Ib, and II) included haplotypes originating from B. cretica, B. oleracea and B. rapa, whereas Raphanus sativus haplotypes were found only among the class Ia haplotypes. While all A. lyrata SRK haplotypes were well separated from the Brassica haplotypes, the Brassica class I and II haplotypes did not form a monophyletic group (Figure 1) . Overall, A. lyrata haplotypes displayed longer branches than Brassica or Raphanus haplotypes. The SRK NJ tree (not shown) was similar to the SRK ML tree.
To further investigate the apparent subdivision of Brassica class I haplotypes into class Ia and Ib we used publicly available SRK sequence data from a total of 26 B. oleracea, B. rapa, and R. sativus haplotypes (Supplemental Table 1 at http://www.genetics.org/supplemental/) to construct separate phylogenetic trees for the kinase and S domains. ML trees were constructed using 330 bp from exons 4-7 of the kinase domain and 1147 bp from exon 1 of the S domain. The GTR+G (G = 0.7881) and the TrN+I+G (I = 0.1519, G = 0.8863) substitution models were used for the kinase and S domain, respectively.
The ML trees were found as described above and bootstrap support values were derived from 1000 resamples. In the kinase domain tree, the three groups of SRK haplotypes (class Ia, Ib, and II) were clearly evident (Figure 2) . By contrast, the separation of class I haplotypes into class Ia and Ib was not, however, obvious in the SRK S-domain ML tree (Figure 2 ). Instead, a well-supported clade was found that included those SRK haplotypes classified as class Ib in 9 the kinase domain tree, except for the B. oleracea BolSRK28 and BolSRK60 haplotypes (Figure 2 ). These haplotypes were instead grouped with the putative class Ia haplotypes.
Topological incongruence between the two phylogenies was further indicated by the statistically significant differences in log-likelihood, both between the ML SRK kinase domain tree and a kinase domain tree with the SRK S-domain topology (Δl ± SE = -244 ± 35.4) and between the ML SRK S domain tree and an S-domain tree with the SRK kinase domain topology (Δl ± SE = -1026 ± 63.5).
The ML trees of the class II haplotypes from the SRK and SCR genes displayed similar topologies even though the SCR tree was better resolved (Figure 3 ). In the SCR tree, and to a lesser extent in the SRK class II tree, three strongly supported clades were found that each included one of the three known B. oleracea/B. rapa class II haplotype pairs (BolSCR2 and BraSCR44, BolSCR5 and BraSCR40, and BolSCR15 and BraSCR60; SATO et al. 2003; TAKUNO et al. 2007 ). Each of the three clades also included either a single, or two or three closely related, B. cretica haplotype. There was no significant likelihood difference between the SRK ML tree and an SRK tree with the SCR ML topology (Δl ± SE = -14.8 ± 8.4), whereas the ML SCR tree had a slightly but significantly higher likelihood than an SCR tree with the SRK ML topology (Δl ± SE = -44.3 ± 11.8). The presence of haplotypes from all three Brassica species in both class I and class II provides further evidence that previous observations of trans-specific polymorphisms at the S locus in cultivated Brassica species (KUSABA et al. 1997; SHIBA et al. 2002; TAKUNO et al. 2007) haplotypes. In a recent study, PAETSCH et al. (2006) found that putative SRK haplotypes from the self-incompatible Capsella grandiflora, which is more closely related to Arabidopsis than to Brassica (YANG et al. 1999b) , clustered with A. lyrata haplotypes but separately from the Brassica haplotypes. From this observation, PAETSCH et al. (2006) concluded that the S locus had evolved differently in the Brassica/Raphanus and Arabidopsis/Capsella lineages.
However, their phylogenetic analysis included neither the A. lyrata AlSRK09 haplotype nor any Brassica class II SRK haplotypes. With additional SRK sequence data from B. cretica, especially from class II haplotypes, our study lends more support to a scenario in which there is sharing of ancient SRK haplotypes between the Arabidopsis and Brassica lineages. We find that all SRK sequences from the Brassica lineage (including the wild B. cretica) cluster in well supported clades based on dominance class, whereas the A. lyrata SRK sequences form a more diverse group with AlySRK09 most closely related, of all A. lyrata haplotypes, to the Brassica class II haplotypes (Figure 1) . In particular we find that, even though the phylogenetic tree is unrooted, irrespectively of where the root would be placed, SRK haplotypes are apparently not monophyletic within Brassica. Thus, there are not only transspecific, but also trans-generic polymorphisms at the SRK gene involving the Arabidopsis and Brassica lineages. Since the age of the last common ancestor of Arabidopsis and Brassica is estimated to ~20 million years (YANG et al. 1999a; KOCH et al. 2001 An interesting observation in the SRK kinase domain tree is the presence of two phylogenetically separate subgroups among the Brassica class I haplotypes (Figure 1 ). In particular, the class Ib haplotypes formed a strongly supported, monophyletic clade and included haplotypes from all three Brassica species (B. cretica, B. oleracea, and B. rapa) . By contrast, the class Ia group of haplotypes was not monophyletic (Figure 1 ). Using complete SRK haplotype sequence data from B. oleracea and B. rapa, the class Ib group was again apparent in the kinase domain tree (Figure 2 ). In the S domain tree, two monophyletic subgroups of class I were found; however, they did not fully correspond to the class Ia and Ib groups in the kinase domain tree, as the B. oleracea BolSRK28 and BolSRK60 haplotypes clustered with the class Ia haplotypes in the S-domain tree ( Figure 2 ). As the S domain is the center of recognition of SCR, it is possible that the two groups represent distinct dominance classes. We have currently no crossing data to support this hypothesis; however, OCKENDON (1982) reported that the B. oleracea S6 haplotype (class Ia) was dominant to the B. oleracea S13 haplotype (class Ib) in the stigma but not in the pollen. On the other hand, TAKUNO et al. Recombination at the S locus: Due to the requirement of matching pistil and pollen specificities, recombination within the S locus has been presumed to be very rare or entirely absent (e.g. UYENOYAMA and NEWBIGIN 2000) . Data from Arabidopsis appear to support this notion: population-based studies have found no traces of recombination at the S locus (CHARLESWORTH et al. 2003; KAMAU and CHARLESWORTH 2005; HAGENBLAD et al. 2006) . In cultivated Brassicas, on the other hand, a small number of studies have reported evidence of historical recombination at the S locus. For example, AWADALLA and CHARLESWORTH (1999) found a statistically significant decline of LD with distance at the SLG gene, an S-locus gene not directly involved in SI specificity determination (CABRILLAC et al. 1999; KUSABA et al. 2001) . In a recent study of four B. oleracea/B. rapa haplotype pairs, TAKUNO et al. (2007) showed that whereas the SRK S domain and the SCR gene (termed SP11
by TAKUNO et al. 2007 ) had identical genealogies, the topologies of S-locus gene genealogies became increasingly different the farther from the SRK/SCR 'core region' the genes were located. In particular, from differences in topology between phylogenetic trees inferred from the SRK kinase and S-domain sequence data, TAKUNO et al. (2007) showed that the SRK kinase domain had undergone recombination relative to the SRK S domain and SCR. A similar result was obtained here from a smaller SRK kinase and S-domain data set (Figure 2) . Furthermore, as shown by the comparison between the ML class II SRK and SCR phylogenetic trees (Figure 3) , the SCR tree was topologically different from the SRK tree, whereas the opposite was true for the reciprocal comparison. This apparently conflicting result could be due to the relatively low resolution of the class II SRK kinase-domain data set, i.e. there might be several topologies, of which one is represented by the ML class II SCR tree, with likelihoods not significantly lower than the ML class II SRK tree. These results, although ambiguous, tentatively indicates that recombination might have happened between the SRK kinase domain and SCR in the wild B. cretica. Also, the presence of a 9 bp deletion in exon 7 of all SRK class II haplotypes and in only one of the class I haplotypes (BcrSRK111) could be the result of recombination; however, as the parts of the BcrSRK111 haplotype flanking the deletion were very dissimilar to any class II haplotype, we cannot exclude multiple deletion events as an explanation for the phylogenetic distribution of this particular feature. Moreover, in a population study of SRK and SCR in B. cretica, EDH et al. (this issue) detected configurations of pairs of polymorphic sites (the four-gamete test, HUDSON and KAPLAN 1985) within the kinase domain of the SRK gene that could only be explained by recombination or gene conversion. The specific arrangement of genes at the S locus varies among some Brassica haplotypes (e.g. FOBIS-LOISY et al. 2004) , so that the SCR gene in some cases is closer to the kinase domain than to the S domain. Thus, recombination between the SCR gene and the kinase domain of SRK might break up the association between the pollen and pistil specificities in certain haplotypes. Nevertheless, taken together, available evidence suggest that recombination, or gene conversion, has occurred at the Brassica S locus but outside the actual pollen and pistil specificity determinants.
